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 Fig.  1. Schematic depicting the various parts of a hybrid taper, 
including the (micro-) wire central section. 
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The inscription of Bragg gratings in chalcogenide (As2Se3) wires with sub-wavelength diameter is proposed and 
demonstrated. A modified transverse holographic method employing He-Ne laser light at a wavelength of λw = 633 nm 
allows the writing of Bragg grating reflectors in the 1550 nm band.  The gratings reach an extinction ratio of 40 dB  in 
transmission and a negative photo-induced index change of δn~10-2. The inscription of Bragg gratings in chalcogenide 
microwires will enable the fabrication of new devices with applications in nonlinear optics, and sensing in the near-to-mid-
infrared region of wavelengths. © 2011 Optical Society of America 
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Over the last two decades, fiber Bragg gratings (FBGs) 
have emerged as one of the most widely used fiber optic 
devices. As linear devices, FBGs are used for sensing in 
various application fields ranging from bio/chemical 
systems to mechanical ones [1, 2]. FBGs have also 
received considerable scientific interest in nonlinear 
applications [3, 4] and have been utilized for all-optical 
switching [5, 6], pulse-shaping [7], enhancement of 
super-continuum generation [8] and for slowing down the 
speed of light [9]. However, the minimum peak power 
required to observe nonlinear effects in silica FBGs is in 
the order of 1 kW. The use of sub-wavelength diameter 
fibers or microwires, where the mode intensity is greatly 
increased and a considerable fraction of the mode power is 
present in the evanescent field outside the microwire, not 
only reduces the optical power to observe nonlinear effects 
in FBGs, but also enhances the sensitivity to the outside. 
The photo-inscription of Bragg gratings in silica 
microwires is however hard to achieve because the 
photosensitive core of the silica fiber vanishes upon 
tapering to such small diameters, which renders the wire 
insensitive to photo-inscription. Alternate techniques, 
such as by using femtosecond laser radiation [10], focused 
ion beam milling [11], metal deposition [12] and plasma 
etch postprocessing [13], have been utilized in past to 
fabricate Bragg gratings in microwires with diameters 
ranging from a few microns to tens of microns. However, 
these techniques are technologically challenging and often 
lead to surface damages. As of today, the photo-inscription 
of Bragg gratings in microwires is desirable, but has not 
been achieved so far.  
Arsenic triselenide (As2Se3) is one of the chalcogenide 
glasses emerging as promising candidates for photonics 
and sensing applications [14]. As2Se3 is known to be 
highly photosensitive, it has a nonlinear coefficient that 
is ~ 930 times larger than that of silica glass and it is 
transparent in the 1-15 µm wavelength window [15]. As a 
result, the combination of microwire fabrication, the use of 
As2Se3 glass and the photo-inscription of FBGs is a 
promising approach for linear and nonlinear applications 
in the near-to-mid infrared region of wavelengths. 
Recently, we have reported the fabrication of hybrid 
microwires made from an As2Se3 fiber surrounded by a 
protective PMMA coating [17] and observed a high 
waveguide nonlinear coefficient of γ = 133 W-1-m-1. The 
PMMA coating provides mechanical strength for normal 
handling of the microwire and allows controlling the level 
of evanescent interaction with the surrounding 
environment. In this letter, we report the first inscription 
of Bragg gratings in chalcogenide microwires. This is also 
the first time that Bragg gratings are being reported in 
any optical fiber waveguide with sub-wavelength 
diameter. The transmission spectrum evolution as a 
function of time, both during and after the holographic 
exposure, is recorded and analyzed. A theoretical fit with 
the coupled mode theory is provided to reveal the grating 
parameters. Also, we observe that the refractive index of 
As2Se3 microwires decreases upon exposure to 633 nm 
light. 
The chalcogenide fiber used for the experiment is 
provided by CorActive High-Tech inc. The fiber has a 
core/cladding diameter of 7/170 µm and a numerical 
aperture of 0.2. The fiber is coated with a protective layer 
of PMMA which is mostly transparent to the photo-
inscription wavelength of λw= 633 nm (absorption 
coefficient = 5.7 ×10-4 cm-1 [18]). The fiber is butt-coupled 
to a standard single-mode fiber made of silica and the two 
fibers are bonded permanently with UV epoxy. A hybrid 
As2Se3/PMMA microwire is then fabricated from an 
adiabatic tapering process as described in [17]. Fig. 1 
depicts the various parts of a typical microwire. After 
tapering, the diameter and length of the As2Se3 wire 
region is 1 µm and 3 cm, respectively.  
 
Fig.  3. Experimental setup for the Bragg grating photo-
inscription and in situ monitoring of the process. SMF: 
single-mode fiber, P: prism, OSA: optical spectrum analyzer, 
M1,M2, and M3: reflecting mirrors, BS: beam-splitter. (b) 
detailled schematic of the prism where the microwire is placed 
during the grating growth, with the various angles defined in 
text, being labeled here. 
 
 
Fig.  2. Transmissivity of the Bragg grating as a function of time 
during photo-exposure, illustrating the grating growth 
dynamics. (Inset) Evolution of AC and DC refractive index 
change during the photo-exposure is also shown. 
 
 
The grating fabrication setup consists of a modified 
Mach-Zehnder type interferometer, as shown in Fig. 2(a). 
A He-Ne laser source (Spectra Physics, Model 106-1) at a 
wavelength of λw= 633 nm provides the holographic photo-
inscription pattern. The absorption coefficient of As2Se3 at 
this wavelength is 1.5 × 104 cm-1 [19, 20]. This high 
absorption coefficient at the writing wavelength allows for 
a quick grating fabrication process. The output of the He-
Ne laser source is split into two coherent beams that 
interfere at the inner surface of a glass prism and their 
angle θ, as shown in Fig. 2(b), with respect to the prism 
surface is adjusted to achieve Bragg gratings with a first 
order resonance wavelength in the telecommunications 
C/L-band. The Bragg wavelength λBragg is controlled by the 
period Λ of the holographic pattern, which depends on the 
angle 2φ between the two interfering beams inside the 
prism, as given below. 
 2Bragg effnλ = Λ  (1) 
 
2sin
wλ
ϕ
Λ =  (2) 
where neff is the effective index of the propagating mode. 
The internal angle φ is in turn defined by the external 
angle θ, and the two angles in the case of a right-angled 
prism are related by the Eq. 3, as follows.  
 sin( 45 ) sin( )pn ϕ θ− ° =  (3) 
The microwire is placed over the external surface of the 
prism with an index matching fluid, as depicted in 
Fig. 2(b), filling the gap between the prism and the 
microwire in order to maximize the transmission at the 
prism interface. The interfering beams are expanded 
using a focusing lens in each arm of the interferometer. 
The interference pattern has a Gaussian intensity profile 
with an adjustable 1/e2 full-width of 1-10 mm and a total 
writing power of 3 mW. The polarization of the two beams 
is identical and perpendicular with respect to the 
microwire axis in order to maximize the interference 
pattern contrast. The setup allows an in-situ monitoring 
of the grating growth process, with a broadband signal 
sent through the grating and observed on an optical 
spectrum analyzer. 
 Fig. 3 shows the growth dynamics of the Bragg grating 
during the photo-exposure. The grating length in this case 
is 8 mm and the interference pattern is apodized. A 
reversible and wavelength independent transmission loss 
of 0.5 dB occurs during the process of photo-exposition, 
which can be observed from the spectra in Fig. 3. A dip in 
the transmission spectrum appears at λ = 1574.4 nm, and 
reaches - 8 dB in less than 3 minutes of exposure and 
eventually, -40 dB after 7 minutes of exposure. Two 
observations can be made during this process: (1) the 
Bragg wavelength shifts towards shorter wavelengths, 
and (2) the width of the Bragg resonance increases. The 
first observation reveals that the refractive index of As2Se3 
glass decreases upon the photo-exposure. This is 
supported by the appearance of grating apodization 
representative spectral features next to the longer 
wavelength edge of Bragg resonance (which is clearer in 
Fig. 4). Note that the previous studies on As2Se3 thin films 
have in contrast, reported an increase in refractive index 
upon exposure to 633 nm light [21, 22], which suggests 
that the refractive index change depends on the 
waveguide structure or the composition of the 
chalcogenide glass. A similar photoinduced index decrease 
in As2Se3 fiber was observed in an earlier report [23], but 
without quantification. The second observation during the 
photo-exposure reveals an increase in AC refractive index 
of the grating. These two observations lead us to quanitfy 
the changes in DC and AC refractive indices of the grating 
i.e., ΔnDC(t) and ΔnAC(t) respectively, by using the following 
relations. 
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where, n0 (= 2.71) is the effective index of the microwire, 
calculated using the beam propagation method; λB,current(t)  
and λB,initial, in eq. (4) are the current and initial Bragg 
wavelengths respectively; and the variable ΔλB,current(t), in 
eq. (5)  is the width of the current Bragg resonance. The 
temporal evolution of ΔnDC(t) and ΔnAC(t) is shown as inset 
in Fig. 3. An AC refractive index change as high as 
6.0 × 10-3 is observed and a DC refractive index change of 
 Fig.  4. Transmission spectrum of a 1mm long Bragg grating 
(red curve), and a theoretical fit of transmission spectrum with 
coupled mode theory (blue curve). Also, shown is the 
transmission spectrum of the grating after 3 weeks of exposure 
to ambient light. (Inset) Grating index profile used for the 
simulation, assuming the grating to be apodized following a 
gaussian profile. 
 
10-2 is observed. The AC refractive index increases to a 
maximum value after ~10 minutes of photo-exposure, and 
then decreases. This follows from a decrease in 
modulation depth of the holographic pattern. In fact, 
during the photo-exposure of the microwire, when the 
refractive index at the maxima of interference pattern 
decreases and eventually begins to saturate, the refractive 
index at the minima keeps decreasing at the same rate, 
thereby decreasing the modulation depth or the index 
contrast. This can be verified from Fig. 3 (inset), where it 
is shown that the ΔnAC(t) starts dropping at the same time 
when the slope of ΔnDC(t) decreases, which indicates the 
onset of saturation. We find that the DC refractive index 
continues to decrease even up to 4 hours of photo-
exposure, although, the rate of change of ΔnDC(t) becomes 
very small after the first 30 minutes of exposure. 
Fig. 4 shows the spectrum of another grating, ~1 mm in 
length. A fit of the measured spectrum with coupled mode 
theory reveals a photoinduced refractive index change of 
ΔnAC = 2.5 × 10-3, which corresponds to a grating strength 
κL of 5.1 ‒ κ being the coupling coefficient given by 
πΔnAC/λB,current(t), and L being the grating length. The 
presence of spectral features only on the longer 
wavelength side of the Bragg resonance shows that the 
grating is well-apodized. We also studied the aging of the 
grating at room temperature and observed a shift of 
Bragg wavelength by 1.5 nm towards the longer 
wavelengths, after 3 weeks of aging. The spectrum of the 
grating, as shown in Fig. 4, experiences no drastic 
degradation, which shows that the grating is quite stable 
in lab environment.  
In conclusion, we have fabricated the first Bragg 
gratings in chalcogenide microwires with sub-wavelength 
diameters. The transmission spectrum shows a -8 dB dip 
at λ = 1574 nm within 3 minutes of exposure with a 3 mW 
laser interference pattern at a wavelength of 633 nm. The 
Bragg grating dip shifts to 1571.5 nm after 30 minutes, 
while growing to -40 dB. The observation of the 
transmission spectrum profile during exposure and 
subsequent 3 weeks of annealing reveal that the 
refractive index of As2Se3 decreases under exposition to 
633 nm light and the grating strength remains stable. 
This device will find applications in sensing and nonlinear 
devices and for mid-infrared light processing. 
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